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THE  EFFhICTS  OF  CARBON.  PHOSPHOROUS,  Afg)  AI107  CONTENTS 
ON  THE  NOTCHED  BAR  IMPACT  PHDffiRTI&S 
OF  QUEtCHSD  AND  TEKPSRED  STEELS 

AoS-IkaOt 

The  V^otch  Charpy  iaroact  properties  of  eight  alloy  grades  of 


queriched  art!  teor^pered  steel  have  bean  investigated.  In  addition  to  present- 
ing additional  data  on  the  effects  of  carbon^  phosphorous , and  alloy  contents 


on  the  ia^ct  properties,  the  report  incltides  data  from  past  repoirts  on  these 


subjects. 


Three  typos  of  brittleness,  manifested  by  high  transition  tenroer- 
atvires,  are  observedt 

1,  "A"  brittleness,  or  500“F  embrittlement.  This  phenomenon  is 
universally  aAibited  by  practically  all  steels  at  all  carbon  levels  and  is 
greatest  for  the  highest  carbon  level,  0.8056  C. 

2.  "B"  brittleness,  or  the  1200''F  reversal.  This  is  exhibited 
by  the  2300  series  and  consists  of  an  elevation  in  transition  temperature 
for  specimens  tempered  at  1200*F, 

3#  Temper  brittleness.  This  is  observed  principally  in  the 
0.80^  C heat  of  each  grade  with  the  exception  of  the  2300  series.  Steels 
containing  molybdenum  exhibit  less  tenroer  orittleness  than  those  containii^ 
no  molybdenum. 

The  transition  temperature  of  a quenched  and  tempered  steel  is 
dependent,  among  other  things,  on  carbon  content,  alloy  content,  and  temper- 
ing temperature.  Curves  are  presented  relating  these  variables,  which  can 
be  used  to  choose  the  optimum  carbon  level,  alloy  grade,  and  tempering  tem- 
perature. 

Phosphorous  raises  the  transition  teraperatxires  of  UlOO  and  5100 
steels  at  practically  all  carbon  levels  and  hardnesses.  The  deleterious 
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effect  of  this  element  le  greater  In  the  5100  grade,  which  contalne  no 
Boljbdenam,  than  in  the  UlOO  grade,  which  contains  noljtdcnun. 


THE  EFFECTS  OF  CARBON.  FHOSHIOROUS,  ATID  ALLOY  CO><TEWrS 
ON  THE  NOTCHED  BAR  IMPACT  mOKRTIES 
OF  QUENCHED  AND  T«i>lFERED  STEELS 


I.  INTRODDCTION 

This  work  Is  a continuation  of  the  study  of  the  notched  bar  im- 
pact properties  of  medium  alloy  grades  of  steel  jn  the  quenched  and  tem- 
pered condition*  Report  No*  22^  ' dealt  with  the  Impact  properties  of  ei^xt 

2 

OJiO^  carbon  grades*  Report  No*  28  extended  the  study  to  lower  and  higher 
carbon  contents  of  some  of  these  grades*  !Ihe  present  report  extends  the 
study  still  finrther  to  Include  more  of  the  grades  with  varying  carbon  con- 
tent and  in  addition,  at  two  different  levels  of  phosphorous  content* 

II*  HATERIAJ5  AND  PROCEDURES 

2 

Report  No*  28  presented  results  of  investigations  of  the  proper- 
ties of  three  grades  of  steel,  U300,  2300,  and  8600,  each  with  a range  of 
caxbon  contents  from  0*20  to  0*80^*  The  U300  series  was  investigated 
throughout  a tempering  range  of  UOO  to  1200*F,  and  the  2300  and  8600  series 
at  tenqsering  tenqjeratures  of  800,  1000,  and  1200*F,  Those  results  will  be 
presented  again  in  the  present  report  for  comparison  purposes* 

The  present  report  will  present  data  on  several  additional  steel 
grades  in  the  as-quenched  condition  and  tempered  over  the  range  from  300*F 
to  1200*F*  These  grades  are  as  follows:  1300,  3100,  UlOO,  U600,  awl  ^100 
series*  At  least  three  carbon  levels,  0*20^,  0*UO^,  and  0.80^  were  in- 
vestigated, and  for  the  2300,  U300,  and  8600  series,  carbon  levels  of  0*305f 
and  0*60^  were  also  tested*  The  UlOO  and  53  00  seirles  were  investigated  at 
two  levels  of  phosphorous  content*  In  addition,  the  U300,  2300,  and  8600 
series  data  presented  in  Report  No*  28  were  extended  to  inclixde  the  com- 
plete range  of  tempering  tvenperatures  from  as-<paenched  to  1200“F.  Chemical 

- 1 - 


compositions  of  the  steels  investigated  are  given  in  Table  !• 

Pine  grain  laboratory  induction  furnace  heats  were  used.  Rimace 
practice,  ingot  size,  forging,  normalizing,  specimen  preparation,  heat  treat- 
ment, and  testing  procedures  were  the  sane  as  those  described  in  Report  No. 
22,^  except  that  the  normalizing  and  austenitizing  tempera txires  \rere  ad- 
justed to  the  carbon  contents  of  the  various  hpats.  Normalizing  and  austen- 
itisingwere  carried  out  at  the  same  tempera txire | these  temperatures  are 
listed  in  Table  II,  together  with  the  austenitic  grain  sizes. 

Those  heats  which  were  investigated  at  two  levels  of  phosphorous 
content  were  prepared  by  making  a phosphorous  addition  to  the  metal  r enain- 
ing  in  the  furnace  after  three  ingots  had  been  cast.  Throe  more  ingots  were 
then  cast  from  this  metal  which  was  high  in  phosnhorous  content.  These  are 
denoted  by  having  a letter  ”P"  after  the  grade  number. 

III.  SXmiHENTAL  DATA 

Conventional  impact  energy-temperature  curves  are  presented  in 
Anoenddbe  I.  In  general,  the  imnact  enei^  reaches  a maximum  which  remains 
constant  as  the  testing  temperature  is  increased.  This  permits  the  use  of 
the  temperature  at  8c^  of  the  maximum  enei^  as  the  measure  of  transition 
temr)erature , An  exception  to  this  rule  is  made  in  the  case  of  the  material 
tested  in  the  as-quenched  condition.  In  this  case,  the  maximum  energy  has 
not  yet  been  reached  at  a testing  temperature  of  room  temnerature.  Testing 
at  a temperature  higher  than  room  temoeratvire  results  in  some  tempering 
taking  place  during  testing  so  that  the  impact  energy  curve  in  this  region 
is  not  actually  for  an  as-quenched  soecimen.  Thus,  in  this  case,  no  single 
value  is  taken  as  the  transition  temnerature. 

Table  III  contains  tne  transition  energies  and  tempera t\ires  taken 
from  the  imj-jact  energy  c\nves  in  the  Anpendix,as  well  as  hardness  data. 


rs 
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These  data  are  plotted  in  Figures  1-26,  In  which  tempering  tesroerature  is 
used  as  the  independent  variable*  Composite  curves  of  transition  tes^ra- 
ture  vs*  tempex*ing  temperature  with  carbon  content  as  the  parameter  are 
oresented  in  Figures  27-30* 

In  order  to  take  into  accotmt  the  different  hardnesses  obtained 
for  steels  of  different  carbon  contents  at  a given  tempering  temperatxire, 
the  data  are  also  plotted  with  hardness  as  the  independent  variable*  These 
plots  are  presented  in  Figures  51-41. 

Figures  42-44  are  throe -<7ariable  summary  plots  which  best  iLlus- 
trate  the  intercalations  among  hardness,  carbon  content,  and  transition 
temoeraTixire  for  three  series  of  steels,  2300,  u300,  and  8600i 

The  effects  of  phosphorous  contents  on  the  transition  tempera- 
tures of  the  lilOO  and  5100  series  are  illustrated  in  Figure  45. 

17*  DISCUSSION 

In  general,  the  results  presented  in  previous  reports  of  this  study 
of  the  behavior  of  tempered  martensite  in  the  V-notch  Charpy  test  are  sub- 
stantiated and  extended  by  the  present  data* 

It  was  reported  previously  that  several  types  of  embrittlement 
can  occur  in  tempered  martensite*  These  are  (1)  500"?.  embrittlement,  or 
"A”  brittleness,  (2)  1200''F  reversal,  or  brittleness,  and  (3)  conven- 
tional temper  brittleness*  The  variation  of  transition  temperature  with 
tempeidng  temperatxire  is  determined  by  the  occTnrrence  of  these  types  of  em- 
brittlement, either  singly  or  in  ccxnb5nation,  which  is,  in  t\xm,  detemdned 
principally  by  composition  and  heat  treatment* 

A,  500*^  Embrittlement 

The  curves  of  tempering  temperature  vs,  hardness  and  the  energy 
and  temperature  at  805^  of  naxiraum  energy  are  presented  in  Figures  1^6* 


Examine  now  the  curves  of  Figures  27-30  which  suninarize  Figures  1-26  and 
which  include  data  for  all  the  different  grades  of  steel  at  various  carbon 
levels  stu'^ied  on  this  program*  RracticaHj  all  the  steels  exhibit  500"F 
or  "A"  brittleness*  The  tempering  temperature  at  which  the  maximum  in  this 
type  of  brittleness  occurs  is  not  necessarily  500"F,  but  may  occ\ir  somewhere 
between  500  and  TOO^F.  Exceptions  to  this  general  behavior  are  U320  and 
U3U0,  which  eodiibit  maxima  in  their  transition  temperatures  at  tempering 
teniperatxires  of  BOO^F*  It  should  be  noted  that  the  amount  of  ”A"  brittle- 
ness is  greatest  for  the  0*80  C heat  in  each  grade,  with  the  exception  of 
the  U300  series,  in  which  U360  exhibits  as  much  **A'*  brittleness  as  U380* 

B*  1200*T  Reversal 

The  1200*F  reversal  is  ejdiibited  only  by  the  2300  series,  (Figure 
27),  a straight  nickel  grade*  Slight  reversals  are  esdiiblted  also  by  U6U0 
and  51h0,  but  tiie  2300  series  is  the  only  one  which  shows  this  behavior  as 
a grade  and  to  such  a large  extent*  It  is  believed  that  this  type  of  brit- 
tleness is  caused  by  the  formation  of  austenite  upon  tempering  at  1200“F, 
which  then  transforms  to  martensite  upon  quenching  from  the  temper  or  at  a 
later  time  upon  testing*  The  fbimation  of  austenite  on  tempering  23UO  at 
1200^  has  been  observed  and  its  occurrence  described  in  Report  No*  22^* 

C*  Temper  Brittleness 

The  particular  typo  of  brittleness  known  as  temper  brittleness 
is  also  observed  in  some  of  the  curves  of  Jigxires  27-30*  Temoer  brittle- 
ness is  developed  in  alloy  steels  by  tempering  in  the  range  from  950  to 
H50“F  for  extended  times,  or  by  cooling  slowly  throu^  this  range*  The 
specimens  used  in  the  present  study  were  tempered  for  one  hoiu:  and  quenched* 
Ordinarily,  this  treatment  would  develop  very  little,  if  any,  temper  bxdt- 
tleness*  However,  with  the  exception  of  the  2300  and  the8600  grades,  the 
0.80  C heat  oi  every  grade  oi  steel  investigated  exhibits  a peak  in 
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transition  temperature  at  a tempering  tenroerature  of  1000*'F.  Even  in  the 
8600  grade  (Figure  30),  whereas  the  transition  temperatures  for  low  carbon 
contents  decrease  as  the  tempering  temperature,  rises  from  700*,  the  transx- 
tion  temperature  for  8660  does  not  decrease  until  the  tempering  temperature 
exceeds  1000",  and  for  8680  the  transition  temperature  does  not  decrease  at 
all.  This  peak  at  a tempering  temperature  of  1000"  is  generally  not  as  hif^ 
as  the  peak  caused  by  "A"  brittleness  at  a tempering  temperature  of  300- 
700"F,  Thus,  it  is  shown  that  a high  carbon  content  aggravates  temper  brit- 
tlsiKssj  grades  of  steel  which  develop  no  temper  brittleness  at  low  and  in- 
termediate carbon  contents  do  develop  temper  brittleness  in  the  0,80  C heats. 
D,  Effect  of  Carbon  and  Alloy  Content 

The  data  are  also  plotted  as  a function  of  hardness  rather  than 
tempering  ten^ierature  to  allow  us  to  determine  to  vii&t  extent  hardness  is  a 
common  denominator  in  relating  transition  temperature  to  carbon  aixl  alloy 
contents.  These  plots  are  presented  in  Figures  31  **33  with  carbon  content  as 
the  parameter,  and  in  Figures  39*^  with  alloy  grade  as  the  parameter. . Also 
plotted  in  these  figures  is  the  value  for  80^  of  the  maximum  energy. 

The  curves  of  transition  temperature  vs.  hardness  have  the  sams 
general  shape  as  those  of  transition  temperature  vs.  tempering  temperature: 
however,  they  are  displaced  relative  to  one  another  because  of  the  use  of 
the  different  abscissa.  Consider  first  the  curves  of  Figures  31-33.  With 
the  exception  of  the  tenq^er  brittleness  exhibited  at  a hardness  around  Rc  UO 
in  the  0,80  C heats,  the  curves  of  transition  temperature  vs,  hardness  are 
somewhat  homologous  within  any  one  grade,  the  cxirves  being  displaced  toward 
higher  hardness  as  carbon  content  Increases.  This  includes  the  500“F  em- 
brittlement peak  which  moves  toward  higher  hardness  as  the  carbon  content 
increases.  The  height  of  this  peak  is  the  greatest  for  the  0,80  C heat  in 
each  grade,  and  is  the  lowest  for  the  0,I|0  C heat  in  the  1300,  3100,  U600, 
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5100,  and  8600  series*  The  height  of  the  peak  in  the  0.?0  C heat  is  tlie 
lowest  for  the  remining  grades  with  the  exception  of  the  UlOO  series  in 
which  the  0*20  C and  the  O.UO  C heats  have  peaks  of  equal  hei^tt 

The  carbon  content  with  the  lowest  transition  temperature  for  any 
given  hardness  depends  upon  the  particular  hardness  chosen*  It  is  difficult 
to  state  general  truths  in  regard  to  this  point  because  of  the  absence  of 
valid  generalizations  that  apply  to  all  grades*  The  best  overall  conpr<wjise 
seems  to  be  carbon  ccmtents  of  0*U0jS  and  0*3055  which  generally  have  the  low- 
est transition  temperatures  at  hardnesses  under  about  UO  and  above  about  U9* 
Exceptions  are  the  low  carbon  heats  of  the  2300,  UlOO,  and  U300  grades  which 
have  lower  transition  temperatures  as-quenched  or  tempered  only  sli?^ly 
than  steels  of  higher  carbon  contents  at  the  same  hardness* 

Examine  now  Figure  35,  in  which  are  presented  the  transition  tem- 
perature data  for  the  U300  series*  It  can  be  seen  that  the  transition  tem- 
perature is  a function  of  the  hardness  and  the  carbon  content,  but  ttiat  the 
maximun  energy  (or  8055  of  the  maximura  energy)  is  dependent  only  on  hardness, 
within  a mrrow  band*  vathin  this  band,  at  a given  hardness,  the  energy 
generally  increases  as  the  carbon  content  decreases*  It  will  be  no1x3d  that 
the  width  of  the  band  is  much  greater  for  most  of  the  other  grades,  es- 
pecially for  the  1300  and  5100  series*  It  is  generally  true,  hovrever,  that 
for  any  grade  the  energies  increase  as  the  carbon  contents  decrease  for  any 
given  hardness*  The  same  sort  of  an  analysis  applied  to  Figures  39*4^1  in- 
dicates that  steels  of  various  alloy  grades,  but  of  the  same  carbon  content, 
likewise  do  not  esdiibit  a unique  relationship  between  8055  of  maximum  energy 
and  hardness,  but  that  a band  is  obtained  for  this  function*  This  is  par- 
tioularly  true  of  the  0*20  C and  0*U0  C heats*  The  0*80  C heats  exhibit 
considerably  less  scatter  in  their  8055  of  maximum  energy  vs*  hardness  c\irve* 
The  disposition  within  the  band  is  different  for  these  figures  than  for 
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Figures  31-38  in  that  the  relative  poaLtlona  of  the  various  all<^  grades 
differ  at  the  different  oarbon  levels^  whereas  in  Figures  31-38  it  5s  gen- 
erally true  that  the  lower  the  carbon  the  higher  the  energy  for  a given 
hardness. 

The  question  of  which  alloy  or  oonbination  of  alloys  best  prosnote 
low  transition  teBperat\ires  is  one  of  vital  interest  to  all  engineers  who 
design  structures  for  low  tempera  tore  service.  Stated  in  other  words,  the 
question  is  thlsi  **For  a given  hardness  and  a given  carbon  content,  trtiioh 
grade  of  steel  possesses  the  lowest  transition  temperature?”  Examination 
of  Figures  39^^!  indicates  that  the  answer  depends  upon  the  particular  car- 
bon content  and  hardness  under  consideration.  Some  general  remarlcs,  how- 
ever, can  be  made.  (It  should  be  emphasized  at  this  time  that  the  curves 
apply  to  the  particular  heat  treatment  used  in  this  investigation  and  that 
for  a different  heat  treatment  the  c\rt%eo  would  have  a different  relation- 
ship to  one  another.  In  particular,  a tegsEpering  treatment  more  conducive 
to  temper  brittleness  would  change  the  order  of  the  curves  at  low  hard- 
nesses). 

The  three  Nl-Cr^o  grades  investigated,  U300,  U600,  and  8600 
series,  among  them  have  the  lowest  transition  temneratures  at  most  of  the 
carbon  contents  and  over  most  of  the  hardmss  range.  The  U300  series  and 
the  U600  excel  at  the  highest  hardness  Da  veis  for  all  carbon  contents.  In 
addition,  U3U0  has  superior  properties  at  the  lowest  hardnesses,  and  U6)i0 
at  inteimediate  hardnesses,  and  both  these  series  at  the  0,80  C level  have 
superior  properties  at  the  lowest  hardnesses.  The  8600  series,  gdiich  is  a 
leaner  alloy  than  the  U300  or  U600  series  is  superior  at  the  lowest  hard- 
nesses at  the  0,20  C level,  but  varies  from  intermediate  to  poorest  at  other 
hardnesses  and  carbon  levels. 


The  Nl-Or  grade,  31CO,  Is  intermediate  at  the  0.2C  C and  O.UO  C 
levels  and  varies  from  poor  to  good  at  the  0*60  C level. 

The  Cr-Mo  grade,  UlOO,  vairLes  from  intermediate  to  good  at  all 
carbon  levels. 

The  strai^t  ohrcmiiuir.  grade,  !>100,  is  poor  at  the  0.20  0 level, 
and  varies  from  poor  to  good  at  the  O.UO  C and  0.80  C levels. 

The  straight  manganese  grade,  1300,  and  the  straight  nickel  grade, 
2300,  are,  in  general,  the  poorest  of  the  grades  investigated.  Exceptions 
to  this  general  statement  are  1380  vhich  has  a relatively  low  transition 
temperat\ire  around  a hardness  of  Rc  U6  and  2320  which  has  a relatively  low 
transition  tei^ierature  over  most  of  the  hardness  zange. 

The  Important  conclusion  to  be  reached  from  this  dl.sucssion  is 
that  no  one  alloy  grade  is  the  \iniversal  panacea,  even  within  the  limits  of 
the  present  investigation.  From  curves  such  as  Figures  39-iil,  an  order  of 
merit  can  be  established  for  steels  of  various  grades  at  a given  carbon 
content  and  hardness  and  a choice  made  accordingly.  There  are  particular 
values  of  carbon  content  and  hardness  where  there  is  very  little  spread  in 
transition  temperature  for  all  grades  of  steel,  i.e.,  Rc  3U  at  the  0.20  C 
level,  while  at  other  carbon  contents  and  hardnesses  the  spread  may  amount 
to  hundreds  of  defp?eos. 

At  examination  of  the  temper  embr^.ttlement  maxima  obtained  by 
tempering  the  0.80  0 heats  at  lOOG^F  (Figzrre  Ul)  indicates  the  beneficial 
effect  of  molybdenijun  in  minimizing  temper  brittleness.  Grades  2380,  U3fl0, 
and  8680  exhibit  no  maxima  at  all.  Of  these,  2380  is  a straight  nickel 
grade,  and  the  other  two  contain  molybdenum.  The  remaining  grades  fall  into 
the  following  order  as  regards  amount  of  temper  brittleness  exhibited  with 
UlOO  showing  the  smallest  peak  and  5100  the  largest:  UlOO,  U600,  I3OO, 

3100,  and  5100,  The  UlOO  and  U600  grades  contain  nolybdenxm,  and  the  1300, 
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The  Ni-Or  grade,  3100,  io  inteiTOdiate  at  the  0*20  C and  0*U0  C 
levels  and  varies  from  poor  to  good  at  the  0,80  C level. 

The  Cr>no  grade,  I4IOO,  varies  from  Intermediate  to  good  at  all 
carbon  levels. 

Ihe  strai^t  chrcaaiuni  grade,  5100,  is  poor  at  the  0,20  G level, 
and  varies  from  poor  to  good  at  the  0,1*0  C and  0,80  C levels. 

The  straight  manganese  grade,  1300,  and  the  straight  nickel  grade, 
2300,  are,  in  general,  the  poorest  of  the  grades  investigated.  Exceptions 
to  this  general  statement  are  I38O  which  has  a relatively  low  transition 
temperature  around  a hardness  of  Rc  U6  and  2320  which  has  a relatively  low 
transition  teo^)erature  over  most  of  the  hardness  range. 

The  important  conclusion  to  be  reached  from  this  disucssion  is 
that  no  one  alloy  grade  is  the  universal  panacea,  even  within  the  limits  of 
the  present  investigation,  Rwm  corves  such  as  Figures  39-i*l,  an  order  of 
merit  can  be  established  for  steels  of  various  grades  at  a given  carbon 
content  and  hardness  and  a choice  made  accordingly.  There  are  particular 
values  of  carbon  content  and  hardness  where  there  is  very  little  spread  iii 
transition  temperature  for  all  grades  of  stoel,  i,e,,  Rc  3U  at  the  0,20  C 
level,  while  at  other  carbon  contents  and  hardnesses  the  spread  may  amount 
to  hundreds  of  degrees. 

An  examination  of  the  temper  embr'.ttlement  maxima  obtained  by 
tempering  the  O.8O  G heats  at  1000''F  (Figiire  i*l)  indicates  the  beneficial 
effect  of  molybdenum  in  minimizing  temper  brittleness.  Grades  2380,  1*380, 
and  8680  exhibit  no  maxima  at  all.  Of  these,  2380  is  a straight  nickel 
grade,  and  the  other  two  contain  molybdenum.  The  remaining  grades  fall  into 
the  following  order  as  regards  amount  of  temper  brittleness  exhibited  with 
UlOO  showing  the  smallest  peak  and  5100  the  largest*  1*100,  1*600,  I3OO, 

3100,  and  blOO,  The  1*100  and  U6OO  grades  contain  molybdenum,  and  the  I3OO, 
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3100,  and  5100  do  not.  Thus,  the  three  worst  grades,  insofar  as  temper 
brittleness  is  concerned,  contain  no  moljd^enuB,  while  liiose  graaes  which 
ajdiibit  less  or  no  tanper  brittleness  do  contain  molybdenum;  the  straight 
nickel  grade  also  ejdiibits  no  temoer  brittleness. 

Three -variable  plots  aunnarizing  the  inter-relations  among  hard- 
ness, carbon  content  and  transition  ten^jeratxire  for  the  2300,  U300,  and 
8600  seri.es  are  presented  in  Figures  These  curves  have  already  been 

adequateD.y  discussed  previously.  The  three -variable  representation  Isa 
convenient,  clear  method  of  presenting  these  data  and  for  studying  the  re- 
lationships obtained. 

E.  Effect  of  Phosphorous  Content 

The  effect  of  phosphorous  content  on  the  impact  properties  of  two 
grades  of  steel  are  presented  in  Figure  U5.  The  two  grades  investigated  wore 
UlOO,  containing  about  1$  chromium  and  0.205C  molybdenum,  and  5100,  which  is 
the  same  as  lilOO  except  that  it  contains  no  molybdenum.  The  lew  phosphorous 
heats  contain  from  O.COLiiyS  to  0.023!^  phosphorous,  while  the  high  phosphorous 
heats  (signified  by  the  letter  ”?**)  contain  from  0.031/6  to  0.03756  phosphor- 
ous. ^ 

It  can  be  seen  that  the  added  phosphorous  has  a deleterious  ef- 
fect on  the  transition  temperature  in  every  case  except  for  lilSO.  It  can 
further  be  seen  that  the  transition  temperature  is  elevated  more  for  the 
steel  containing  no  molybdenum,  5100,  than  for  the  steel  containing  molyb- 
denxim,  UlOO.  This  is  in  accordance  with  the  results  oresanted  previously 

3 

in  Report  No.  30,  in  which  it  was  shown  that  the  addition  of  molybdenum 
offsets  the  deleterious  effect  of  phosphorous.  A Mo/P  ratio  of  5 was  found 
to  be  necessary  to  offset  the  harmful  effect  of  phosphorous  in  raising  the 
transition  temperature  in  the  absence  of  temper  brittleness.  The  low  phos- 
phorous UlUO  used  in  the  present  investigation  had  a Mo/P  ratio  of  about 


Uy  and  the  high-phosphorous  U3i;0  a ratio  of  about  6«  Such  a hi^  Mo/P 
ratio  zwtiflthstanding}  phosphorous  was  still  shown  to  be  deleterious*  It 
is  questionable  idiether  the  harmful  effects  df  phosphorous  could  ever  be 
completely  offset  by  molybdenum^  no  matter  how  hl^  the  Mo/P  ratio* 

Sxandmtion  of  Figures  12 and  Figures  18-21  reveals  that  the 
phosphorous  has  practioally  no  effect  on  the  tempexabllity  of  the  steels; 
hardness  after  tenq>ering  is  the  same  regardless  of  whether  the  material 
contains  low  or  high  phosphorous. 

the  data  for  one  heat  of  5135  vith  hi^  phosphorous  are  included 
(Figure  20)  as  a matter  of  interest*  This  was  intended  to  be  a heat  of 
51U0  P,  but  the  carbon  came  out  too  low,  so  another  heat  was  made  for  com- 
parison with  tlie  low  phosphorous  5lU0*  A oonparison  of  the  two  heats  of 
Mgh  phosphorous'  natez*lal  (Figures  19  and  20)  indicates  very  little  differ- 
ence in  properties* 

7.  3CMHAHT 

The  Charpy  impact  properties  of  eight  alloy  grades  of  quenched 
and  tempered  steel  have  been  investigated* 

A.  The  following  three  different  types  of  brittleness,  manifested 
by  hl^  transition  temperatures,  have  been  observed: 

1*  "A"  brittleness,  or  500*  embrittlement.  This  phenctaenon  is 
xudversally  exhibited  by  practically  all  steels  at  all  carbon  levels*  The 
0*80  C beat  in  each  grade  exhibits  the  greatest  amount  of  "A"  brittleness. 

2*  "B"  brittleness,  or  the  1200*  reversal.  This  type  of  embrit* 

tlamsnt  is  eodiiblted  by  the  2300  series,  a strai^t  nickel  grade,  and  con- 
sists of  an  elevation  in  transition  temperature  in  specimens  tempered  at 
1200*^*  Ihe  cause  of  this  type  of  embrittlement  is  probably  the  fozmation 

of  austenite  upon  tempering,  idiich  decomposes  to  martensite  upon  quenching 
or  later  upon  testing* 
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3*  Tssper  brlotileaess.  This  is  obserred  principally  in  ths  0*80 
C heat  of  each  grade  with  the  excapidon  of  the  2300  series.  The  steels  con- 
taining mol^rbdenom  eodilblt  less  temper  brittleness  than  those  containing  no 
nolybdenom. 

6.  The  transition  temperature  of  a quenched  and  tesqjercd  steel  is 
dependent^  among  other  things  ^ on  carbon  content ^ alloy  content^  and  teii^r- 
ing  temperature.  Cmrves  are  presented  relating  these  variables  and  can  be 
used  to  choose  the  carbon  level,  alloy  grade,  and  tempering  temperature  for 
the  lowest  transition  temperature.  Some  of  the  general  conclusions  that  can 
be  drawn  are  as  follows t 

1.  A carbon  level  of  0.30^  or  O.UO^  offers  the  best  overall  com- 
promise as  regards  minlnum  transition  Uaoperaturas.  These  generally  have  the 
lowest  transition  temperatures  at  baronesses  under  about  UO  and  above  about 
U9. 

2.  The  three  Cr-Nl-Mo  grades  among  them  have  the  lowest  transi- 
tion temoeratures  at  most  of  the  carbon  contents  and  over  most  of  the  hard- 
ness range.  Generalizing  broadly,  it  can  be  said  t^iat  the  straight  manga- 
nese grade,  1300,  and  the  straight  nickel  grade,  2300,  are  the  poorest  of 
tlie  grades  investigated. 

C.  High  phosphorous  contents  raise  the  transition  temoeratures 
of  UlOO  and  $100  steels  at  practically  all  carbon  levels  and  hardnesses. 

The  deleterious  effect  of  this  element  is  greater  in  the  5100  grade,  which 
coittains  no  molybdenum,  than  in  the  UlOO  grade,  which  contains  inolybdemnn. 
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VII.  NOTEBOOKS 


Data  In  this  report  are  recorded  in  ARF  Logbook  Nos.  C-1280, 
C-2507,  and  0-2338. 
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CHEMICAL  ANALTSES-  FINE  CHAIN  LABORATORY  HEATS 
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TABUS  I (Contd) 


TABLE  n 


NORKALiZit.'O  AND  AUSTENITIZINQ  TEMPERATURES. 

mt ^ 


Heat 

Ncoinal 

Qrade 

Norm*  and 
Aust*  Temp*, 

•f 

Aust* 

Grain  Size 
ASTM  No* 

37UO 

1320 

1650 

9 

I 

13U0 

1550 

8 

3779 

1380 

U*5o 

8 

271h 

2320 

165c 

6-7 

2722 

2330 

1575 

7-8 

0 

23I1O 

1550 

8-9 

2725 

2360 

iii75 

7-8 

2727 

2380 

U*5o 

7-8 

37U5 

3120 

1650 

J 

3IU0 

1550 

8-9 

3781 

3180 

11*50 

9 

3808-3 

U120 

1650 

8-9 

3806-6 

U12OP 

1650 

8-9 

5 

UlUO 

1550 

8-9 

3729 

UlliOP 

1550 

8-9 

381U-3 

U180 

11*50 

8-9 

38lli-6 

108  OP 

H*5o 

8-9 

2921 

U320 

1650 

8-9 

2716 

U330 

1575 

8-9 

K 

U3U0 

1550 

8-9 

2718 

U360 

11*75 

7-9 

2720 

U380 

11*50 

8-9 

3751 

U620 

16i>o 

8-9 

L 

U6Uo 

1550 

7-8 

3792 

U680 

11*50 

8 

3798-3 

5120 

1650 

7-9 

3798-6 

5120P 

1650 

8 

P 

511*0 

1550 

7-8 

3816 

5iliOP 

1550 

8 

3717 

5135P 

1550 

7-9 

3813-3 

5180 

11*50 

8-9 

3813-6 

518OP 

11*50 

8 

2730 

8620 

1650 

8-9 

2820 

8630 

1575 

7-9 

N 

86I1O 

1550 

8-9 

2928 

8660 

U*75 

8-9 

2817 

8680 

11*50 

8-9 
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TABIS  HI 


Heat 

3740 


I 

3779 


273li 


2722 


2725 


2727 


TRANSITION  ENERGIES  AND  TEMPERATURES, 


Nominal 

Grade 

Temper 

•F 

RookneH 

C 

Transition  Energj  and  Teiq). 

80$  of  Maximum  Enersy 
— " “ — 

1320 

As -Quenched 

U3 

20 

(0.2U5CC) 

300 

UU 

21.5 

75 

Uoo 

UU 

21.5 

10 

500 

U3 

21.5 

260 

600 

U2 

2U 

255 

700 

39 

32 

155 

800 

33 

U8 

-U5 

1000 

23 

68 

- 2$ 

1200 

15 

96 

- 75 

13iiO 

A.Q. 

55 

8.5* 

(o.Uotc) 

300 

53.5 

13 

- 10 

1380 

500 

56 

3 

3U5 

(O.735CC) 

600 

5U 

5.5 

350 

700 

51 

10 

315 

800 

U6 

11 

- 50 

1000 

38 

20 

150 

1200 

26 

37 

UO 

2320 

A.Q. 

U3 

32* 

(0.18%C) 

300 

U3.5 

2U 

-200 

UOO 

U2.5 

22 

-200 

500 

U2 

21.5 

10 

600 

39.5 

23 

- 10 

700 

36 

32 

35 

2330 

A.Q. 

52 

18* 

(0.335tC) 

300 

50.5 

19 

- 75 

Uoo 

U8 

16 

- 95 

500 

U6 

17 

60 

600 

U3 

18.5 

100 

700 

39 

2U 

50 

2360 

UOO 

5U.5 

9.5 

55 

(0,57%C) 

500 

51.5 

11 

225 

600 

U9 

11 

160 

700 

UU 

15 

90 

2380 

500 

5U.5 

5.5 

350 

(0.75$  0) 

600 

51 

9 

U50 

700 

U7 

U 

2U0 

- 16 
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TIBIZ  m (Contd) 

TRANSITION  ENERGIES  AND  TEKmATURES. 

pnarcRm  vsmisir  fsm 


Transiiilon  Energy  and  Tooq}* 


Heat 

Noninal 

Grade 

Temper 

T 

Rockwell 

C 

8056  of  Maxunum  Energy 
— Pt-ib. — 

37U5 

3120 

UU 

29 

(0.235fc) 

300 

U3 

23 

- 85 

Uoo 

UU 

25.5 

-U5 

500 

U3 

21.5 

25 

600 

U3 

25 

100 

700 

UO 

28 

U5 

800 

35 

39 

- 15 

1000 

26 

62.5 

- UO 

1200 

19 

76 

-135 

J 

311i0 

A.Q. 

53 

18* 

(0.38jfC) 

300 

52.5 

16 

-125 

3781 

3180 

500 

56 

U 

275 

(0.72560) 

600 

5U 

7 

285 

700 

51 

9 

165 

800 

U7 

10.5 

-120 

1000 

UO 

22 

120 

1200 

31 

37.5 

- 5 

3808-3 

U120 

A.Q. 

UU 

33* 

(0.2UJ6C) 

300 

UU 

26.5 

- 50 

Uoo 

U5 

26.5 

- 20 

500 

UU 

2U 

65 

600 

U3 

23 

90 

700 

Ul 

25 

105 

800 

39 

33.5 

25 

1000 

31 

53 

-65 

1200 

23 

81.5 

-150 

3808-6 

lO20P^ 

A.Q* 

UU 

31* 

(0.2U56C) 

300 

U5 

26.5 

10 

UOO 

U5 

23 

- UO 

500 

U5 

2U 

150 

600 

21 

no 

700 

U2 

23 

160 

800 

UO 

35 

65 

1000 

31 

55 

- 25 

1200 

22 

86.5 

-125 

K 

UliiO 

A.Q. 

53.5 

15* 

(0.U056C) 

300 

53 

15 

-100 

The  letter  "P*’  after  a grade  number  indicates  a high  phosphorous  heat* 
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Heat 

3729 

38Ui-3 

381U«6 

2921 

M 

3751 


TABIZ  m (Contd) 

TRANSITION  ENERGIES  AND  TEJnSlATURES, 

nm  ’6RnK  — 


Nominal 

Grade 

Tenqoer 

•f 

RockveU 

C 

Tiransition  Energy  and  Temp* 
80^  of  Maximum  Energy 

— ■ ■ "T  — 

UliiOP 

a.q. 

56 

8 

(OJiljfc) 

300 

5U 

13.5 

75 

Uoo 

52 

15 

95 

500 

50 

11 

li)5 

600 

U8 

12 

110 

700 

U6 

1U.5 

130 

800 

UU 

19 

90 

1000 

37 

29.5 

- 20 

1200 

29 

57 

- 35 

ia3o 

Sob 

58 

5.5 

210 

(O.TUJ^G) 

600 

56 

6.5 

2U0 

700 

5U 

8.5 

130 

800 

51 

10.5 

- 50 

1000 

U2 

20 

75 

12<TO 

3U 

Ul 

25 

U180P 

500 

55 

5.5 

260 

i0.7h%0) 

600 

55 

6.5 

330 

700 

52 

8 

30 

800 

U5 

9.5 

- 20 

1000 

Ul 

18.5 

60 

1200 

38 

U3 

Uo 

I4320 

A.Q. 

U3*5 

30* 

(0.21^0) 

300 

U3.5 

2U 

-175 

1000 

33 

37 

- 20 

U3U0 

A.Q. 

55 

15* 

(0.38%C) 

30c 

5U 

1U.5 

-225 

U620 

A.Q. 

U2 

35* 

(0,20^) 

300 

U2 

28 

-100 

UOO 

Ul 

27.5 

- 90 

500 

U2 

25.5 

0 

600 

U2 

28 

20 

700 

38 

35 

15 

800 

3U 

UU 

- 55 

1000 

29 

63 

- 80 

1200 

19 

92 

-115 

- IB  - 


Heat 

L 

3792 


3798-3 


3798-6 


3816 


TABI£  III  (Contd) 

TRANSITION  ENERGIES  AND  TE21FERATURES, 

ms  ■GRATu  mmsrm  msTS  — 


Nonlnal 

Grade 

Temper 

•F 

Rockwell 

C 

Transition  Energy  and  Temp* 
8056  of  Maximum  Enerrcy 
— — T--“ — 

U6U0 

A.Q. 

55.5 

15* 

(0*U35fc) 

300 

5U.5 

lU 

- 150 

1*680 

500 

56 

6.5 

90 

(0.7l*?to) 

600 

52 

9 

155 

700 

50 

9.5 

U5 

800 

U6 

12 

- 85 

1000 

Ul 

21 

90 

1200 

31 

35.5 

- 10 

5120 

A.Q. 

U5.5 

26* 

(0.23%C) 

300 

U5 

23 

- 20 

Uoo 

U5 

23 

- 35 

500 

U6 

22 

120 

600 

UU 

2U 

175 

700 

Ul 

25 

135 

800 

38.5 

37 

10 

1000 

28 

68 

- 20 

1200 

22 

«>6 

- 50 

5120P 

A.Q. 

UJi 

23 

(0.23%C) 

300 

UU 

22.5 

65 

Uoo 

U5 

22.5 

25 

500 

UU 

21.5 

135 

600 

U3 

22.5 

260 

700 

Ul 

25 

250 

800 

38 

Uo 

85 

1000 

26 

69 

50 

1200 

18 

89.5 

- 65 

5lliOP 

A.q. 

55 

6* 

(o.Uo5fc) 

300 

55 

12 

160 

Uoo 

52 

13 

175 

500 

50 

11 

330 

600 

U8 

11 

2U0 

700 

U6 

15 

220 

800 

U2 

22.5 

UO 

1000 

33 

UU 

Uo 

1200 

26 

68 

0 
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TABIZ  HI  (Contd) 

TRANSITION  ENKRGItS  AND  TEMIERATUHES, 

mrmxii 


Transition  Energy  and  Temp, 


Heat 

Nominal 

Grade 

Temper 

“F 

Rockwell 

c 

80^  of  Maximum  Enerrry 

— 

3717 

5135P 

A.Q. 

55 

5*^ 

(0.35560) 

300 

5U.5 

10.5 

15 

Uoo 

52 

12 

70 

500 

U9 

12 

290 

600 

U9 

11.5 

320 

700 

U7 

iii.5 

285 

800 

U3 

22.5 

100 

1000 

3U 

Ul.5 

35 

1200 

27.5 

57.5 

- 35 

3813-3 

5180 

500 

56 

U.5 

305 

(0.72560) 

600 

55 

6 

280 

700 

51.5 

6.5 

- 55 

800 

U7 

10.5 

-105 

1000 

39 

2U 

135 

1200 

28.5 

U7 

75 

3813-6 

5180P 

500 

57 

3.5 

385 

600 

55 

U 

Uoo 

700 

51 

7 

295 

800 

U8 

9 

100 

1000 

38 

26 

2U5 

1200 

29 

37.5 

60 

2730 

8620 

a.q. 

U2.5 

35* 

(0.20560) 

300 

U3 

28 

- 60 

uoo 

U3 

25.5 

- 85 

500 

U2.5 

2U 

- 20 

600 

Ul.5 

25.5 

65 

700 

39.5 

29 

55 

2820 

8630 

A.q. 

53 

17* 

(0.3U:60) 

300 

52 

16.5 

-100 

Uoo 

50 

17.5 

-100 

500 

U8 

16 

15 

600 

U6.5 

16 

- 10 

700 

UU.5 

19 

70 

N 

86UO 

A.q. 

59 

6* 

(OJi556C) 

300 

56 

13 

- 25 

- 20  - 


TABIE  rn  (Contd) 


TRANSmON  ENERGIES  AND  TEMIERATURES, 


Transition  Energy  and  Temp, 


Heat 

Nonditfil 

Grade 

Temper 

•f 

Rockwell 

C 

of  Maximum  Energy 

**Tt-lV>V  — ^ 

2928 

8660 

UOO 

57 

10 

125 

(0.56%G) 

500 

55.5 

9 

200 

600 

52.5 

10,5 

175 

700 

50 

12 

uo 

2817 

8680 

500 

56 

8 

385 

(0,765fc) 

600 

5U 

6,5 

70 

700 

52 

9 

125 

These  values  are  the  energies  absorbed  at  room  temperature  and  not 
80^  or  the  maximum  energy,  as  is  the  case  for  the  specimens  tempered 
at  300*F  and  above.  Although  the  energy-testing  temperature  curves 
for  as-quenched  specimens  were  determined  above  room  temperature, 
they  are  invalid  in  this  region,  because  sene  tempering  was  obtained 
during  testing.  The  cwr\  ' generally  did  not  become  horizontal  until 
a testing  temperature  abo^  room  temperature  was  used. 


80%  MAX.  ENERGY,  FT- LBS.  TRANSITION  TEMPERATURE, -F  ROCKWELL 


VaHAtion  of  transition  tesnperature,  80!^  of  maximum  energy  and  hardness 
with  tempering  temperature  for  1320* 


80%  MAX.  ENERGY.  FT- LBS.  TRANSITION  TEMPERATURE, *F  ROCKWELL  C 


f 


Variation  of  transition  temperatxire,  8056  of  maxlinuip  energy  and  hardness 
with  tempering  temperature  for  13li0. 


80%  MAX.  ENERGY.  FT- LBS  TRANSITION  TEMPERATURE, *F  ROCKWELL  C 


80%  MAX  ENERGY.  FT-  LBS  TRANSITION  TEMPERATURE,  *F  ROCKWELL  C 


Variation  of  transition  tMaperature,  80X  of  mxSmm  omacf^  and  hardness 
vith  teapering  teaqperatnre  fat  2320, 


80%  MAX.  ENERGY,  FT- LBS  TRANSITION  TEMPERATURE,  *F  ROCKWELL  C 


5 

Tariation  ol  transi-tlon  taaperature,  80^  of  aarljnm  energy  and  hardness 
with  te®pering  tesaperature  fbr  2330* 


80%  MAX.  ENERGY.  FT.-LBS.  TRANSITION  TEMPERATURE. -F  ROCKWELL 


TEMPERING  TEMPERATURE 


Variation  of  transition  temoerature,  80^  of  maxiDiiiin  energy  and  hardness 
V'.th  tempering  termerature  for  23U0. 


80%  MAX.  ENERGY,  FT. -LBS.  TRANSITION  TEMPERATURE, ROCKV/ELL  C 


TEMPERING  TEMPERATURE,  *F 
Figure  7 

Variation  of  transition  temperature,  80^  of  maxinrum  energy  and  hardness 
with  tempering  temperature  for  2360. 


00%  MAX.  ENERGY,  FT- LBS.  TRANSITION  TEMPERATURE. ‘F  ROCKWELL  C 


TEMPERING  TEMPERATURE,  •F 

8 

Variation  of  transition  tempera t.ure , of  marintum  energy  and  hardness 

with  tempering  teraoeraturc  for  2380. 


80%  MAX.  ENERGY,  FT.-LBS.  TRANSITION  TEMPERATURE,  *F  ROCKWELL 


Flgvtre  9 

Variation  of  transition  teriDerature,  80^  of  najdjnuin  energy  and  hardness 
with  terapei*ing  tempera  tiiro  for  3120, 


80%  MAX.  ENERGY,  FT- LBS.  TRANSITION  TEMPERATURE, *F  ROCKWELL  C 


80%  MAX.  ENERGY,  FT- LBS.  TRANSITION  TEMPERATURE,  *F  ROCKWELL 
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I TEMPERING  TEMPERATURE, *r 

1 Figure  11 

Variation  of  transition  temperature,  0CSC  of  naxiimiin  energy  and  hardness 
j with  tempering  temperature  for  3180* 
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80%  MAX.  ENERGY,  FT.-LBS.  TRANSITION  TEMPERATURE, *F  ROCKWELL  C 
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TEMPERING  TEMPERATURE,  *F  j 

Variation  of  transition  temperature,  8056  of  maxlmu'n  energy  and  hardness 
with  tempering  temperature  for  U120  with  two  different  phosphorovua  con- 
tents. 


80%  MAX  ENERGY,  FT. -LBS.  TRANSITION  TEMPERATURE,  *F  ROCKWELL 


TEMPERING  TEMPERATURE,  *F 
Flgttre  13 

Variation  of  transition  temperature,  8056  of  maxinmm  energy  and  hardness 
with  tempering  temperature  for  UlUO  with  two  different  phosphorous  con- 
tents. 


f 


tents. 


80%  MAX.  ENERGY,  FT.-LBS  TRANSITION  TEMPERATURE, *F  ROCKWELL 


Variation  of  transition  temperature,  80%  oi‘  maxuitum  energy  and  hardness 
with  tempering  temperature  for  U620. 


80%  MAX.  ENERGY.  FT.-LB&  TRANSITION  TEMPERATURfi,  *F  ROCKWELL 
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80%  MAX  ENERGY,  FT- LBS.  TRANSITION  TEMPERATURE,  »F  ROCKWELL  C 


60 


4680 


Variation  of  tran.sition  temperature,  80^  of  naximuni  energy  and  hardness 
with  tempering  temperature  for  U6B0, 


80%  MAX.  ENERGY,  FT- LBS.  TRANSITION  TEMPERATURE,  *F  ROCKWELL 


I 


TEMPERING  TEMPERATURE 


Variation  of  transition  tourperatuTB;  8056  of  maxliirura  energy  and  hardness 
with  teinperir.g  tejroeratnre  for  ^120  with  two  different  phosphorous 
contents. 


80%  MAX.  ENERGY.  FT.-LBS.  TRANSITION  TEMPERATURE,  *F  ROCKWELL 


TEMPERING  TEMPERATURE, *F 
figure  19 

Variation  of  transition  temperature,  805t  of  maximum  energy  and  hardness 
with  tempering  temperature  for  SlhO  with  two  different  phosphorous 
contents. 


80%  MAX.  ENERGY,  FT.- LBS.  TRANSITION  TEMPERATURE,  *F  ROCKWELL  C 


Variation  of  transition  tempera  tore,  805C  of  naxinom  cnerg7  and  hardness 
with  temperLng  temperature  for  5135P* 
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7arls.tlon  of  transition  tempo rature,  of  aarLani  energj  and  hardness 

with  tempering  temperature  for  5l80  vith  two  different  phosphorous 
contents* 
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TEMPERING  TEMPERATURE,  *F 
Figure  22 


Variation  of  transition  teciperature,  805S  of  maximuiR  energy  and  hardness 
with  tompeiring  teranerature  for  8620. 
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Variation  of  transition  temperature,  8C^  of  maodnum  energy  and  hardness 
with  tempering  temt:«rature  for  3630. 
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Variation  of  transition  temperature,  80^  of  maximum  energy  and  hardness 
with  tempering  temperature  for  86UO. 
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TEMPERING  TEMPERATURE,  *F 

Figure  25 

Variation  of  transition  tonmerature , 80^  of  maxliiiuin  energy  and  hardness 
vith  tempering  tenoerature  for  3660* 
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Figure  31 


Transition  temperature  and  8Qj(  of  naxljiun  energy  as  a Amctlon  of  hardnesa 
and  eart>on  content  for  the  13OO  series. 
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Figure  32 

Translbion  temperature  and  80^  of  naTri mm  energy  as  a fiuiction  of  hardness 
and  carbon  content  for  the  2300  series. 
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Transition  temperature  and  SCfi  of  KaxlnoB  energy  as  a fanotion  of  hardness 
and  carhon  content  for  the  3100  series. 
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Transition  teinr>erature  and  80^  of  maTlmi».tn  energy  as  a function  of  hardness 
and  carbon  content  for  the  UlOO  ser5.es. 
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Transition  tercperature  and  80^  of  maximvim  energy  as  a function  of  hardness 
and  carbon  content  for  the  U300  series. 
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Flgare  36 

Ti-ansltion  teraneratuTB  and  8O56  of  maxiinura  energy  as  a function  of  hardness 
and  carbon  content  for  the  U6OO  series. 
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Figure  37 

Transition  temperature  and  of  maximun  energy  as  a funotion  of  hardness 
and  carbon  content  for  the  53.00  series. 
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Transition  tenperat\ire  and  80SS  of  maxiuiura  energy  as  a function  of  hardness 
and  carbon  content  for  the  8600  series. 


Variation  of  transition  temoerature  aM  80^  of  maximcn  energy  with  hardness 
for  •Tarious  grades  of  steel  at  the  0»2%  oaz’oon  level. 
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Figure  UO 


Variation  of  transition  tenperature  and  80^  of  naxiaiun  energy  wi.th  hardness 
for  vario^is  grades  of  steel  at  the  0.U055  carbon  level. 
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Variation  of  transition  temperature  arri  8055  of  maxiimxm  energy  with  hardness 
for  various  grades  of  steel  at  the  0.8055  carbon  level. 
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TEMPERING  TEMPERATURE, *F 
Figure  U$ 

F.ffect  of  phosphorous  on  transition  temperatures  for 
the  UlOO  series  irtiich  contains  molybdenum  and  the  5100 
series  which  has  the  same  analysis  as  the  UlOO  series 
except  that  it  contains  no  molybdenum. 


APffiNDIX 

EXPERIMENTAL  IMPACT  DATA 

The  energj  data  obtained  ftrom  the  Impact  tests  have  been 
assembled  in  the  figures  In  this  Appendix*  All  experimental  points 
represent  individual  observations,  not  averages. 
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H«>at  I,  Uboratory  fine  grain  13l*0|  quenched  in  oil  after  30  aicnteB  at  l5i>0^l 
tenpered  for  oi»  hour  at  tenperature  indicated  in  graph  and  water  quenched. 
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Heat  2711*,  laboratory  fine  grain  2320|  quend»d  in  oil  after  30  alnotea^  1650*Fj 
terapewd  for  one  hour  at  temperature  indicated  in  gra{^  and  water  quenched. 


As^inertrdied  Ro  52 


for  one 


Ro  51 


HMt  2727,  laboratory  flna  grain  2380j  quenehad  in  oil  after  30  ninutaa  at  U*50*Fj 
tanpared  for  om  hoar  at  tomparatore  indloatad  In  graph  and  water  quandied. 
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Heat  3806-3,  laboratory  Una  grain  U120}  qtnoc^d  In  oil  altar  30  ■iimtas  at  1650*P> 
tanpered  for  one  hour  at  tanperatura  Indloatad  In  graph  and  water  quenched* 
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Heat  3806-6,  laboratory  fine  grain  Ul20  with  high  phosphorous;  quen<*ed  in  oil  after 
30  minutes  at  l650*Fj  tempered  for  one  hour  at  temp»3rature  indicated  in  graph  and 
water  qxsndied. 
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Heat  381U-6,  laboratory  fine  grain  Ul80  with  high  phosphorouBj  quenched  in  oil  after 
30  minutes  at  1U50*F}  tempered  for  one  hour  at  temperature  Indicated  in  graph  airi 
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laboratory  fii»  grain  U320j  quendied  in  oil  after  30  minutes  at  1650*F| 
for  one  hour  at  teeiporatxire  Indicated  In  graph  and  water  quenched* 
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graph  anl  vater  quen<^d. 
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Heat  3816,  laboratory  fine  grain  5HiO  with  high  phosphorous;  quenched  in  oil  after 
30  minutes  at  1550*F;  tempered  for  one  hour  at  temperature  indicated  in  graph  and 
water  quenched. 
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Heat  3816.  laboratory  fine  grain  5U*0  with  hi^i  phosphorous)  quenched  in 
30  minutes  at  1550*F;  tempered  for  one  hour  at  temperature  indicated  in  graph  a 

water  quenched* 


Keat  3717,  laboratory  fine  grain  5335  with  high  phoaphcorone | quenched  In  oil  after 
30  minutes  at  1550*F;  tempered  for  one  hoxir  at  temperature  Indicated  In  graph  and 
water  quenched. 
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Heat  3717»  laboratory  fine  grain  5135  with  high  phosphorousj  quenched  in  oil  a 
30  minutes  at  1550*F;  tempered  for  one  hour  at  temperature  indicated  in  graph 
water  quen<^ed« 
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Heat  3813-3#  laborator7  fine  grain  5l80j  quenched  in  oil  after  30  minutee  at  lii50*Fj 
tampered  for  one  hour  at  teoperatixre  indicated  in  graph  and  water  quenched. 
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Heat  2820,  laboratory  flxM  grain  8630|  qo 
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